3-Trifluoromethyl-4-nitrophenol (TFM) is a pesticide used for the selective control of sea lampreys (Petromyzon marinus) in stream and river tributaries of the Great Lakes. To determine concentrations of TFM and TFM glucuronide in the edible fillet tissue of fish during sea lamprey control treatments, an analytical method was developed to determine the concentrations of these residues in rainbow trout (Oncorhynchus mykiss; RBT) and channel catfish (Ictalurus punctatis; CCF). Homogenized fillets were extracted with methanol-water (80 + 20). TFM and TFM glucuronide were isolated from coextractives by C 18 solid-phase extraction. TFM glucuronide was hydrolyzed to TFM by the addition of b-glucuronidase to the TFM glucuronide extract. The extracts were analyzed separately by liquid chromatography with UV-visible detection. Recoveries from TFM-fortified CCF and RBT tissues were 84.1 and 96.1%, respectively. The method detection limits (MDLs) are 2.4 ng/g for TFM-fortified tissues of CCF and 3 ng/g for those of RBT. Recoveries were 78.8 and 77% from TFM glucuronide-fortified CCF and RBT tissues, respectively. The MDLs for TFM glucuronide-fortified tissues are 3.5 and 6.9 ng/g for CCF and RBT, respectively.
F
or nearly 40 years, 3-trifluoromethyl-4-nitrophenol (TFM; Figure 1 ) has been used successfully to control sea lampreys (Petromyzon marinus) in tributaries of the Great Lakes. Concentrations of TFM required for effective stream treatment are determined by on-site toxicity tests and by measurement of the water chemistry parameters (pH, alkalinity, and hardness) that are known to affect the toxicity of TFM. The stream minimum lethal concentration (SMLC) is defined as the minimum concentration of lampricide needed under specific water chemistry conditions for effective treatment of a stream (1) . The chemical is metered into the stream at a rate calculated to maintain the SMLC for 9-12 h through infested areas of the stream. Concentrations of TFM used in tributaries of the Great Lakes have ranged from 1 to 14 mg/L, depending on the water chemistry of the stream (G.T. Klar, U.S. Fish and Wildlife Service, personal communication, 1994). The National Research Council of Canada reported that between 1958 and 1983, a total of 1 264 639 kg TFM was used to treat 386 lamprey-infested tributaries (2) . Data on the magnitude and persistence of TFM residues in the edible fillet tissue of fish after a stream treatment are required by regulatory authorities to evaluate the safety of TFM. To provide this information, an analytical method was developed to determine the concentration of TFM and TFM glucuronide in fillet tissue.
Unpublished research at the Upper Midwest Environmental Sciences Center (UMESC) in La Crosse, WI, revealed that TFM and TFM glucuronide are the only major residues in edible fillets of rainbow trout (Oncorhynchus mykiss; RBT) after acute exposure. Existing analytical methods for TFM are inadequate for determining total TFM residue concentrations in fillet tissue because of interferences from coextractives or because the method does not account for the glucuronide conjugate of TFM. In 1965, Daniels et al. (3) reported an analytical method for TFM that involved acid hydrolysis, ion-exchange resins, acid-base partition, and colorimetry; however, coloration from coextracted materials interfered with the analysis and affected the detection limit of the method. In 1974, Allen and Sills (4) developed a gas-liquid chromatography method for TFM that was free from the interferences encountered with colorimetry. The sensitivity of the method was about 10 ng/g. The Allen and Sills (4) method required derivatization and did not account for the glucuronide conjugate. The analytical method described here is sensitive and capable of measuring both TFM and TFM glucuronide in fish tissue. 
METHOD

Apparatus
Preparation of Standard Solutions
(a) β-Glucuronidase solution.-Add 4.5 mL 400mM phosphate buffer to the enzyme vial, and mix thoroughly. Use within 1 h of preparation.
(b) TFM fortification solution.-100 ng/mL. Accurately weigh 3.0 ± 0.1 mg TFM into a 25 mL volumetric flask. Dissolve in a small volume of methanol, and then adjust the volume to 25 mL with methanol. Remove an aliquot of this solution, and make dilutions with methanol to an accurately known concentration of about 100 ng/mL.
(c) TFM glucuronide fortification solution (optional).-200 ng/mL. Accurately transfer 5000 ng stock solution containing TFM glucuronide at 472.5 ng/mL into a 25 mL volumetric flask, and adjust the volume to 25 mL with methanol.
(d) TFM fortification standard for stability.-2.5 mg/mL. Accurately weigh 62.0 ± 0.1 mg TFM into a 25 mL volumetric flask. Dissolve in a small volume of methanol, and then adjust the volume to 25 mL with methanol.
(e) TFM analytical standard solution.-0.15 mg/mL. Accurately weigh 15.0 ± 0.1 mg TFM into a 100 mL volumetric flask. Dissolve in a small amount of water, and adjust the volume to 100 mL with water. Prepare solutions of the working standards by diluting the stock solution with water. Store the working solutions at 4EC until used. Let the working solution come to room temperature before use. Working solutions prepared and stored in this manner are stable for ≤9 months.
Test Animals
RBT were obtained as eyed-eggs from Ennis National Fish Hatchery in Ennis, MT, and raised in flowing well water at UMESC until they were about 1 year of age and 300 g. Channel catfish (Ictalurus punctatis; CCF) were obtained from Osage Catfisheries (Osage, MO), and were about 1 year of age and approximately 275 g.
Sample Preparation
Acquire edible fillets from RBT (skin-on) or CCF (skin-off). Harden in a freezer, and section into cubes of approximately 1 cm. Homogenize the cubes to a fine powder in a blender with dry ice (5) . Transfer the homogenized fillet to a container that can withstand a temperature of -20EC or below. With the container slightly open, place it in a -20EC freezer, and let the dry ice sublime completely (approximately 18 h). Seal the container and store at -20EC or below until analysis. Samples containing TFM and TFM glucuronide are stable for approximately 3 months when stored at -20EC or below.
Fortification of Tissue
Accurately weigh two 5 g samples of TFM-free RBT fillet tissue and two 5 g samples of TFM-free CCF fillet tissue each into separate 25 mL centrifuge tubes. Spike 1 RBT and 1 CCF fillet tissue sample each with 1 mL working solution containing TFM at 104 ng/mL (20.8 ng/g tissue fortification level). Spike the remaining RBT and CCF fillet tissue samples each with 1 mL working solution containing TFM glucuronide at 189 ng/mL (37.8 ng/g tissue fortification level).
Extraction
Accurately weigh 5 g test fillet tissue sample into a 25 mL centrifuge tube. Add 10 mL methanol-water (80 + 20) to the sample, shake tube for 10 min on a wrist-action shaker, centrifuge at an RCF of 6000 × g for 5 min at 20EC, and transfer the supernatant to a 50 mL glass centrifuge tube. Repeat the extraction steps 2 more times for a total of 3 extractions, combining the supernatants from each extraction.
Isolation of the Analytes
Immerse the combined extracts in a 55EC water bath, and concentrate the sample to 20 mL under a stream of nitrogen. Add 1 mL glass filter beads to the top of a 1000 mg ODS-A SPE column attached to an SPE vacuum manifold. Condition the column with methanol followed by methanol-water (70 + 30), process the sample through the column, and collect the effluent in a 50 mL glass centrifuge tube. Rinse the sample container with 4 mL methanol-water (75 + 25), apply the rinsings to the column, and collect the effluent in the same centrifuge tube. Wash the SPE column with 4 mL methanol-water (75 + 25), and collect the effluent in the same centrifuge tube. Immerse the combined sample in a 55EC water bath, and remove the methanol under a stream of nitrogen. Adjust the pH of the sample to 9.5 ± 0.2 with 10N NaOH. Condition an extraction disk cartridge with methanol, followed by pH 9.5 water, and process the sample through the cartridge into a graduated 15 mL glass centrifuge tube. Rinse the container with 2.5 mL methanol-pH 9.5 water (5 + 95), apply the rinsings to the cartridge, and collect the effluent in the same centrifuge tube. Wash the cartridge with 1 mL methanol-pH 9.5 water (5 + 95), and collect the effluent in the same centrifuge tube. Similarly, evaporate the methanol under nitrogen at 55EC, and then adjust the pH of the sample to 4.0 ± 0.2 with 12.1N HCl.
Condition a 1000 mg ODS-A SPE column with methanol, followed by 24.6mM acetate buffer, pH 4.0. Apply the sample to the column, rinse the sample container with 3 mL 24.6mM acetate buffer, pH 4.0, and apply the rinsings to the column. Wash the column with 3 mL 24.6mM acetate buffer, pH 4.0. Elute the TFM glucuronide from the column with two 6 mL portions of 24.6mM acetate buffer, pH 4.0:methanol (60 + 40) into a 15 mL graduated centrifuge tube, cap the tube, and retain the sample for hydrolysis. Elute the TFM from the column with three 2 mL portions of methanol-water (75 + 25) into a 2 mL volumetric flask, with evaporation under the conditions described previously. Add 0.5 mL 40mM borate buffer, pH 8.50, adjust the volume to 2.0 mL with water, and determine the TFM concentration by LC.
TFM Glucuronide Hydrolysis and Concentration
Evaporate the methanol from the retained portion of the sample under the conditions described previously. Add 1 mL β-glucuronidase solution to the sample to hydrolyze the TFM glucuronide to TFM, and incubate the sample approximately 18 h on a mixer in a 35EC oven. After incubation, adjust the pH to between 2.5 and 3.0 with HCl. Condition a 1000 mg ODS-AQ SPE column with methanol, followed by 4.92mM acetate buffer, pH 4.0, and apply the sample to the column. Rinse the 15 mL tube with 3 mL 4.92mM acetate buffer, pH 4.0, and apply the rinsings to the column. Wash the column with 3 mL 4.92mM acetate buffer, pH 4.0. Elute TFM with three 2 mL portions of methanol-water (75 + 25) into a 2 mL volumetric flask, with evaporation under the conditions described previously. Add 0.5 mL 40mM borate buffer, pH 8.50, adjust the volume to 2.0 mL with water, and determine the TFM concentration by LC.
Stability of TFM in Fish Tissue
Fillet tissues of RBT and CCF were fortified with TFM to test the storage stability of TFM. Freshly dissected fish fillets were spiked at concentrations of 0.5 and 2.5 µg/g fillet tissue.
The spiked fillets were homogenized and stored at -20°C or below. The tissues were analyzed after 7 and 9 months of storage.
Accuracy, Precision, and Method Detection Limit
The method accuracy (% recovery), precision (relative standard deviation [RSD]), and detection limit (MDL) were evaluated by using homogenized fish fillets spiked with 1 mL fortification solution containing TFM at 104 ng/mL TFM and 1 mL fortification solution containing TFM glucuronide at 189 ng/mL. Eight 5 g subsamples were analyzed along with 1 homogenized fillet control. The accuracy of the method was calculated as the percent of TFM or TFM glucuronide recovered in extracts of fillet tissues fortified with TFM or TFM glucuronide. Method precision was calculated from the standard deviation of each fortification trial. Estimation of the MDL was based on the 7-replicate method described in the Code of Federal Regulations (6) . The sensitivity of the method, or limit of quantitation (LOQ), was calculated as 10 × s, where s is the sample standard deviation (ng/g; 7).
Results and Discussion
The lampricide TFM is only moderately toxic (acute oral LD 50 = 400 mg/kg in rats; S.M. Glaza, Hazelton Laboratories, Inc., unpublished results, 1990) and poses no significant risk to humans who consume tissues containing this residue. Nonetheless, it is desirable to have an analytical method that can adequately account for all major TFM residues. The glucuronide conjugate was included in this method because of the potential for human exposure to TFM through hydrolysis of the conjugate. Because of the limited volatility of the chemical, a gas chromatographic method would require derivatization of TFM, which would add an extra step to the procedure and consequently increase the likelihood of lower recovery. A liquid chromatographic method was the logical choice for the analysis.
There are 2 practical reasons for hydrolyzing the glucuronic acid conjugate of TFM. First, it is difficult to isolate the TFM glucuronide from the matrix interferences observed at the wavelength of maximum absorbance for TFM glucuronide (λ max = 283 nm). Attempts to purify and determine TFM glucuronide by using normal-phase, reversed-phase, or anion-exchange SPE, and LC columns, along with mobile phase adjustments, were unsuccessful in providing a method sufficiently free from interferences to allow quantitation of the conjugate. Second, an analytical standard of TFM glucuronide is not commercially available. Although this method requires only analytical grade TFM as a standard, the use of a TFM glucuronide standard to verify the efficiency of the enzymatic hydrolysis is valuable. Bayluscide® 70% Wettable Powder, a formulation of niclosamide, also used to control sea lampreys, is sometimes used in conjunction with TFM. The residues of niclosamide in edible fillet tissues from fish exposed to Bayluscide® 70% Wettable Powder were shown to be the glucuronide conjugate of niclosamide and the parent niclosamide (V.K. Dawson, T.M. Schreier, and M.A. Boogaard, U.S. Geological Survey, unpublished data, 1996). We were able to demonstrate that under present chromatographic conditions, TFM is resolved to baseline from niclosamide and the glucuronide conjugate of niclosamide.
The accuracy and precision of the method and the MDLs and LOQs were determined with tissues fortified with TFM and TFM glucuronide. Recoveries (accuracy) for TFM were 96.1% from RBT and 84.1% from CCF, with RSDs of 5.0 and 3.7%, and LOQs of 10 and 6.4 ng/g, respectively. For TFM glucuronide, recoveries (accuracy) were 77% from RBT and 78.8% from CCF with RSDs of 7.9 and 4.0%, respectively, and LOQs of 23 and 12 ng/g, respectively ( Table 1) .
The stability of TFM in fish tissue was established by testing tissues fortified with TFM. TFM was stable in both RBT and CCF tissue over a 2 month period. Initial analysis of the fortified tissues showed that TFM was within 88-100% of the target fortification levels ( Table 2) . At the 0.5 µg/g fortification level, the concentration of TFM in RBT decreased 2% over a 2 month period, and the TFM concentration in CCF increased 8%. At the 2.5 µg/g fortification level, there was no change in the concentration of TFM in RBT, whereas the con- centration of TFM in CCF decreased 4%. The stability of TFM glucuronide in the fish tissue was not investigated.
Conclusions
An analytical method capable of quantifying low concentrations of TFM and TFM glucuronide in edible tissues of RBT and CCF was developed and evaluated. Extraction of homogenized fillet tissue with methanol-water (80 + 20) followed by isolation of the analytes with a series of SPE steps and hydrolysis of the TFM glucuronide resulted in detection and quantitation of the analytes with relative ease. The 10 min isocratic LC method separated TFM with no matrix interferences with a retention time of 6.8 min (Figures 2 and 3) . Under the conditions used, the analytical column may need to be thoroughly cleaned after every 18-48 h of continuous use. Our method for measuring TFM and TFM glucuronide in fish tissue is simple, accurate, and reproducible. It would be feasible to analyze for just TFM or total residues as TFM by modifying the method. This method was used in a field study to quantify TFM and TFM glucuronide in RBT and CCF tissues and to evaluate the effects of time on residue levels in the tissues.
